Recording systems to acquire electroencephalogram (EEG) data are traditionally lab-based. However, there are shortcomings to this method, and the ease of use and portability of emerging wireless EEG technologies offer a promising alternative. A previous validity study demonstrated data derived from a single-channel, wireless system (NeuroSky ThinkGear, San Jose, California) is comparable to EEG recorded from conventional lab-based equipment. The current study evaluated the reliability of this portable system using test-retest and reliable change analyses. Relative power (RP) of delta, theta, alpha, and beta frequency bands was derived from EEG data obtained from a single electrode over FP1 in 19 healthy youth (10-17 years old), 21 healthy adults (18-28 years old), and 19 healthy older adults (55-79 years old), during eyes-open, eyesclosed, auditory oddball, and visual n-back conditions. Intra-class correlations (ICCs) and Coefficients of Repeatability (CRs) were calculated from RP data re-collected one-day, one-week, and one-month later. Participants' levels of mood and attention were consistent across sessions. Eyes-closed resting EEG measurements using the portable device were reproducible (ICCs 0.76-0.85) at short and longer retest intervals in all three participant age groups. While still of at least fair reliability (ICCs 0.57-0.85), EEG obtained during eyes-open paradigms was less stable, and any change observed over time during these testing conditions can be interpreted utilizing the CR values provided. Combined with existing validity data, these findings encourage application of the portable EEG system for the study of brain function. 
Test-retest reliability of a single-channel, wireless EEG system

Introduction
The electroencephalogram (EEG) has long been used in neuroscience research and clinical practice to detect, describe, and monitor brain function in both healthy individuals and clinical populations (Andreassi, 2007) . The EEG reflects the electrical currents that flow in the extracellular space, which are a product of numerous excitatory and inhibitory synaptic potentials occurring in individual neurons (Cacioppo et al., 2007) . Abnormal changes in the EEG can be expressed as a disappearance of activity, appearance of abnormal patterns, or deterioration of normal background patterns (Cacioppo et al., 2007 , Rijsdijk et al., 2008 .
Electrodes on the scalp record this electrical activity, which can then be amplified and displayed as a continuous waveform, and digitized for subsequent analysis. Abnormalities recorded by a specific electrode can generally be attributed to the underlying brain region (Andreassi, 2007) .
Quantitative EEG (qEEG) refers to the mathematical processing of EEG data in order to more precisely quantify specific EEG parameters than is possible through visual inspection (Tong and Thakor, 2009) . qEEG processing techniques have identified robust phase, amplitude, and power band features that reflect unique aspects of brain function. Four different frequency bands in the EEG waveform are of particular interest in characterizing brain function: delta, theta, alpha and beta (Andreassi, 2007) .
The recording systems for acquiring qEEG are traditionally lab-based. The resultant lack of mobility limits the range of possible recording situations and contexts (Naunheim et al., 2010) . Participants often also report discomfort during the lengthy fitting and calibration procedures (Johnstone et al., 2012) and paradigms requiring serial EEG recordings, such as monitoring change over time, can be hampered by lab-based recording systems (Johnstone et al., 2012 , Gevins et al., 2012 .
A number of wireless headset EEG devices have become commercially available in recent years that seek to improve usability and portability, while maintaining data quality (Gargiulo et al., 2010 , Chi et al., 2010 . These portable devices may provide an alternative to conventional recording systems that is better suited to evaluation over time, particularly when working with populations with limited tolerance for psychophysiological assessment, such as children, or individuals with neurologic, neuropsychological, or psychiatric conditions (Badcock et al., 2013 , Johnstone et al., 2012 .
One such system of promise is the NeuroSky ThinkGear (San Jose, California).
ThinkGear consists of proprietary firmware within a single channel, dry electrode device, which claims ease of use and portability in a research-grade apparatus (Ekandem et al., 2012 ).
An initial validity study reported EEG data derived from a ThinkGear system contained within a headset device termed MindSet (NeuroSky, San Jose, California) is comparable to EEG recorded from a conventional multi-electrode, lab-based system, and sensitive to standard variations in resting and active mental processing states (Johnstone et al., 2012) .
However, there exists no published data on the ThinkGear system's reliability. Until this time, the utility of the ThinkGear system as a research tool or clinical instrument cannot be fully established.
EEG Test-Retest Reliability
The relevance and clinical utility of an instrument is largely derived from the ability to provide meaningful and stable results over time. Any observed variance in results over serial testing sessions is considered the result of two components: true change and measurement error (Näpflin et al., 2007) . In this context, reliability therefore refers to the proportion of variance attributable to true change, while a test-retest reliability statistic reflects the degree to which a measure is consistent and free from error over time (Portney and Watkins, 2009, Sheorajpanday et al., 2009 ).
Visual examination of EEG traces generally produces low test-retest and inter-rater reliability (Seshia et al., 2008) . In contrast, mathematically processed qEEG data derived from conventional, lab-based systems is consistently found to be highly reliable in describing brain electrical activity (Corsi-Cabrera et al., 2007 , Näpflin et al., 2007 , Salinsky et al., 1991 .
Test-retest reliabilities of resting state qEEG in healthy individuals typically exceed 0.80 over intervals ranging from one-hour (Burgess and Gruzelier, 1993, McEvoy et al., 2000) , to onemonth (Cannon et al., 2012) , to more than one-year (Hatz et al., 2014) .
Test-retest reliability of qEEG outputs is affected by task parameters, with the highest levels of reliability typically associated with recordings during more cognitively engaging tasks (Gevins et al., 2011 , McEvoy et al., 2000 . Lower test-retest reliabilities for resting state qEEG data have been attributed to difficulty controlling for transient variations in vigilance, anxiety, and thought processes during this unstructured condition (Fernández et al., 1993) . As such, mental states such as mood and alertness should also be taken into account, as intra-individual differences over time in either of these state factors can significantly influence the EEG (Fernández et al., 1993 , Andreassi, 2007 , Gevins et al., 2011 , Vuga et al., 2006 .
Furthermore, research in healthy individuals has demonstrated that the synchronized neural activity of the EEG varies according to developmental stage (Koenig et al., 2002, Tong and Thakor, 2009 ). Delta and theta activity at rest is prominent in childhood, but these slow waves diminish with age, as higher frequency alpha and beta bands increase almost linearly across adulthood, plateauing in older adulthood (Cacioppo et al., 2007) . To account for these lifespan variations, qEEG reliability metrics should be resolved in youth and adult populations separately.
Study Aims and Hypotheses
The aim of the current study was to address the gap in our understanding of the value of a single channel portable EEG device as a measurement tool, through an investigation of its test-retest reliability. ThinkGear system derived qEEG data was collected using the MindSet device from healthy youth, adults, and older adults serially over four time points to establish one-day, one-week, and one-month test-retest reliability coefficients and indices of reliable change during resting and active tasks. We predicted that qEEG data derived from the portable device would be stable across the three retest intervals, and comparable to reliability coefficients derived from lab-based systems. In particular qEEG data recorded during cognitively engaging conditions was expected to be more reliable than qEEG obtained during resting conditions. Lyneham et al., 2013) .
Material and Methods
Participants
On all scales, higher scores reflected poorer mood/anxiety state. The Detection and Identification tasks from the computerized CogState Battery (Maruff et al., 2009 ) were used to measure simple and choice reaction time, respectively, with faster correct reaction times (once accuracy thresholds are met) indicating superior visuo-motor and information processing. Visual analogue scales (VAS; 0 to 100) were used to measure subjective appraisals of alertness, concentration, and attention; higher scores reflected more optimal states.
EEG Tasks.
During EEG acquisition, two resting and two active tasks were administered with the order counter-balanced within and across participants at each study session. In the resting tasks participants were asked to sit quietly for 3 min with either their eyes open or eyes closed. Active tasks included an auditory oddball task and a visual n-back task, each of 3 min duration. The auditory oddball task consisted of 500 Hz (non-target) and 1000 Hz (target) tones at 1 sec intervals, with non-target tones occurring with a probability of 0.8. Tones were presented binaurally through the inbuilt headphones of the MindSet headset device (see below) at an intensity of 65 dB. For the duration of the task participants were instructed to maintain gaze on a central fixation cross on a computer screen and to react to target tones by pressing the spacebar on a computer keyboard. The visual numeric n-back task (Jaeggi et al., 2010) required participants to make a same-different comparison of numeric stimuli that occurred immediately prior to the current probe stimulus (i.e. a 1-back condition).
In each trial, a number was presented for 500 msec, followed by a 2000 msec period before presenting the next number (i.e. 2500 msec inter-stimulus interval). Participants were asked to press the spacebar if the current number was identical to the number presented immediately prior (a target). Targets occurred at random intervals with a probability of 0.3.
Procedure
Participants completed four 30-minute sessions. Session 2 occurred one-day after Session 1; Session 3 took place one-week after Session 2; Session 4 occurred one-month after Session 3. To control for potential moderating effects, each study session began with administration of the Control Tasks, which took approximately 15 minutes to complete.
Setting up the MindSet device and administration of the four EEG tasks followed for another 15 minutes. Participants were instructed to minimize facial, head, and body movement during the EEG recording session. University students received course credit for participation in the study. Youth and older adult participants were reimbursed with a $10 gift voucher.
EEG Data Acquisition and Analysis
EEG was obtained with the MindSet ( (1/4 Hz resolution) were submitted to Fast Fourier Transforms (10% Hamming window), with the resultant power spectrum data summed to derive power in the following EEG frequency bands: delta (1.5-3.5 Hz), theta (3.5-7.5 Hz), alpha (7.5-12.5 Hz), and beta (12.5-25 Hz).
Relative power (RP) was then calculated by summing absolute power across the delta, theta, alpha and beta bands to compute total power, and then dividing the absolute power for each individual band by the total power, expressed as a percentage.
Statistical Analysis
One-way repeated measures ANOVAs were conducted on the Control Tasks to detect any significant changes that could potentially influence the EEG reliability between sessions.
Where assumptions of sphericity were violated, Huynh-Feldt corrections were applied. To evaluate the test-retest reliability of ThinkGear derived EEG, the RP values of the four EEG frequency bands were pair-wise compared across sessions (e.g. Session 1 vs Session 2, Session 2 vs Session 3, and Session 3 vs Session 4) to compute intra-class correlations (ICCs; Barton and Peat, 2014) . This is a more appropriate measure of association than techniques such as Pearson's Product Moment Correlation as it assesses the degree of variation from each assessment (Wilk et al., 2002) . The following descriptions proposed by Shrout (1998) were Coefficients of Repeatability (CR; Vaz et al., 2013) , also referred to as the Smallest Real Difference (SRD), were calculated from the RP values for each frequency band, by multiplying the Standard Error of Measurement (SEM) by 2.77, where SEM = SD * √(1−ICC) (Bland and Altman, 1999, Collado-Mateo et al., 2015) . The CR provides a value computed in the same units as the measurement tool, below which 95% of retest differences (i.e. error) lie. Any retest difference measurement beyond the CR value can therefore be considered genuine and significant change (Bland and Altman, 1999) .
Results
Means and SDs of the Control Tasks are presented in Table 1 . For all three participant groups the CogState information processing tasks and subjective VAS self-reports were stable and within normal limits over the four sessions (Mollica et al., 2005 , Maruff et al., 2009 ).
Older adult and youth measures of mood state were also stable and within normal limits at all sessions (Messer et al., 1995 , Lyneham et al., 2013 . The Stress and Anxiety sub-scales of the DASS varied over time in adult participants. However, these differences were not clinically significant, with scores at all times remaining well within the "normal" range (Lovibond and Lovibond, 1995) .
From the four 3-min EEG tasks, the number of valid epochs obtained at each session for each participant group is presented in Table 2 . A mixed-design ANOVA, with
Greenhouse-Geisser corrections, was performed on the number of valid epochs, with condition (eyes-closed, eyes-open, n-back, oddball) and session (1, 2, 3, 4), as within subjects factors, and age group (youth, adult, older adult) a between subjects factor. Where significant interactions were detected, planned contrasts exploring the source of the effect were performed, with the alpha level required for significance set at p < 0.01 due to the number of statistical tests conducted on the data. Average RP values of the four conditions across the four sessions are presented in 
Figure 2. Grand averaged Relative Power (in percentages) for the adult group across sessions and conditions.
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Figure 4. Intra-Class Correlations for the older adult group across sessions, conditions, and frequency bands.
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Figure 5. Intra-Class Correlations for the adult group across sessions, conditions, and frequency bands.
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Figure 6. Intra-Class Correlations for the youth group across sessions, conditions, and frequency bands.
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The eyes-open condition had the lowest reliability, with fair to moderate reliability averages of 0.71 (SD= 0.12) for older adults, 0.57 (SD= 0.25) in adults and 0.63 (SD= 0.19) in youth.
As the ICC is a relative index, influenced by heterogeneity in measurement across different subjects, CR values were also analyzed to provide an absolute reliability index (Vaz et al., 2013) . CR values were computed from the RP data in the four conditions across the three retest intervals for older adult, adult, and youth participants (see Table 3 ). The average CR value at the one-day interval was ± 0.08 in the adult group, ± 0.06 in the older adults, and ± 0.05 in the youth group. The average one-week CR was ± 0.07 in the adult group, ± 0.06 in the older adults, and ± 0.05 in the youth group. At the one-month interval the average CR was ± 0.07 for adults, ± 0.05 for youth, and ± 0.04 for older adults.
For the delta power band the average CR value was ± 0.15 in the adult group, ± 0.08 in the older adult group, and ± 0.07 in the youth group. The theta band average CR was ± 0.05 in older adults, and ± 0.04 in adults and youth. Alpha power band CRs were an average of ± 0.07 for the adults, and ± 0.04 for the youth and older adult groups. Finally, the average CR for the beta power band was ± 0.04 for all groups.
The n-back condition CR average was ± 0.05 for all groups. The eyes-closed condition average CR value was ± 0.09 in the adult group, ± 0.05 in the older adult group, and ± 0.03 in the youth. The average CR in the oddball condition was ± 0.06 in adults and older adults, and ± 0.05 in the youth group. Finally, the eyes-open condition had an average CR of ± 0.10 in adults, ± 0.07 in the youth group, and ± 0.06 in older adults. 
Discussion
An efficient measure of brain function would be helpful to researchers, clinicians, and the populations they serve. The EEG reflects real-time cerebral electrical activity, providing a unique, non-invasive index of brain function with reasonable spatial and high temporal resolution (Kennett, 2012) . qEEG data is frequently used in repeated assessment designs for evaluation of the functional status of the brain over time (Tong and Thakor, 2009) . Utility in the context of serial recordings requires sufficiently high stability of qEEG parameters, but is hampered by conventional systems which are typically lab-based. Previous research (Johnstone et al., 2012) has evaluated the validity of NeuroSky ThinkGear derived EEG data, and this study extends that work by demonstrating convergent results in independent youth, adult, and older adult populations. The ThinkGear system was again sensitive to standard variations in task conditions, and produced resting state RP values compatible with previous EEG reports using conventional lab-based systems in youth (Clarke et al., 2001) , adults (Barry et al., 2007) , and older adults (Barry et al., 2014) . As a promising alternative to labbased systems, the current study also now establishes the test-retest reliability of singlechannel EEG data collected using this portable device over one day, week and month retest intervals from healthy populations across the lifespan.
NeuroSky ThinkGear Retest Reliability
ICC values obtained from the ThinkGear system deployed in a MindSet headset device were consistently moderate [0.61 -0.80] to substantial [0.81 -1.0] across age groups, retest intervals, and power bands. In adult participants the visual n-back condition had the highest overall stability over all three retest intervals. This "substantial" level of reliability was consistent with expectations that the more structured nature of active EEG conditions would provide the most stable results (McEvoy et al., 2000) . ICC values were also in keeping with qEEG reliability results from n-back tasks obtained using conventional lab-based recording systems (Gevins et al., 2011 , McEvoy et al., 2000 . However, these findings should be interpreted with a degree of caution, as the n-back condition in adults provided less valid epochs compared with other conditions. Importantly though, the average number of valid epochs remained well above the quantity of EEG data that has been identified as necessary to achieve high internal consistency (α = 0.8) and ensure small measurement error (Lund et al., 1995) .
In adult participants, the eyes-closed condition provided the highest number of valid epochs, while also demonstrating moderate levels of reliability over the three retest intervals.
Contrary to expectations, the active oddball condition was not more reliable than the resting eyes-closed condition, again providing a moderate level of reliability. Finally, in adult participants, the eyes-open condition was the least reliable. However, the fair level of reliability in this condition may still be sufficient for research conditions (Vaz et al., 2013) .
Furthermore, the superior test-retest reliability for eyes-closed compared to eyes-open restingstate conditions was consistent with previous findings (Corsi-Cabrera et al., 2007 , Fernández et al., 1993 , Cannon et al., 2012 , suggestive of a higher reactivity to environmental influences with eyes-open than with eyes-closed (Barry et al., 2007 , Corsi-Cabrera et al., 2007 .
Youth and older adult participants showed a similar pattern of test-retest reliability.
The eyes-closed and n-back conditions were the most reliable, ranging from substantial to moderate, respectively. Similar to the adult group, the eyes-closed condition again provided the highest number of valid epochs, while the n-back condition again had more invalid Although set-up of the ThinkGear system can be achieved in as little as 30 sec (Ekandem et al., 2012) , strategies to address successful completion (Paasch et al., 2012) can still be encouraged, to facilitate the tolerance of youth populations for repeated neurophysiological assessment (Johnstone et al., 2012) .
Contrary to predictions, cognitively engaging tasks were not consistently more reliable than resting conditions (Fernández et al., 1993 , Gevins et al., 2011 , McEvoy et al., 2000 .
These findings cannot easily be explained by variations in mood or attention as all control measures were consistently within normal limits across the four recording sessions.
However, participants were only asked to make general session ratings, while their mood or attention may have varied from task to task. As such, the current study design was not sensitive to intra-session changes in state characteristics, for instance in participants who may have found the active EEG tasks more stressful.
An alternative hypothesis is that the demands of the n-back and oddball tasks were not sufficient to be considered "cognitively engaging." Comparison with 2-or 3-back versions of the n-back task and varying the discriminability of tones in the auditory oddball task would enable this hypothesis to be tested systematically. Such changes in the task protocols may also lead to greater similarity in test-retest statistics for the oddball and n-back tasks if both required increased vigilance on each trial and similar cognitive load. Notably, as opposed to the n-back task where every stimulus required a same-different judgement, only 20% of stimuli in the oddball condition were targets. As such, there were periods where participants could have recognized that no response was required, which might make the current oddball task more susceptible to variations in thought processes. for eyes-open compared with eyes-closed conditions across all three participant groups. Use of adaptive filters and blind source separation techniques to remove eye movement artifact from single-channel qEEG are techniques that warrant future investigation (Shao et al., 2009 ).
In addition, options for eyes-closed performance of EEG tasks are likely to increase the number of valid epochs available for analysis, and also enhance the test-retest reliability values obtained when recording from the ThinkGear system. For instance, the oddball condition of the current task could easily be modified for eyes-closed performance. Auditory n-back tasks are not widely used, but are available (Forn et al., 2007) and studies using similar tasks such as the Paced Auditory Serial Addition Test (The Psychological Corporation, 1998 ) also have demonstrated utility in EEG paradigms (Rogers et al., 2015, Rogers and Fox, 2012) .
In sum, a portable EEG device was reliable over short (one-day) and longer (one-week and one-month) retest-intervals. These findings are in accord with reliability data obtained for conventional lab-based EEG recording systems (Fernández et al., 1993 , McEvoy et al., 2000 , Salinsky et al., 1991 , Burgess and Gruzelier, 1993 , Corsi-Cabrera et al., 2007 , Cannon et al., 2012 . Reliability values from the portable EEG device also compare well to those reported for other commonly utilized functional measures, include resting (Zuo and Xing, 2014) and active fMRI (Bennett and Miller, 2010) , PET/SPECT (Egerton et al., 2010 , Catafau et al., 2008 , and MEG (Martín-Buro et al., 2016) . The reliability of conventional EEG systems has also been demonstrated over periods in excess of one-year (Näpflin et al., 2007 , Hatz et al., 2014 , Vuga et al., 2006 , Gevins et al., 2012 . Investigation of the ThinkGear system over longer time intervals is recommended to establish its utility in longitudinal evaluations and for clinical applications where change with age or recovery must be monitored precisely.
Furthermore, consistent with previous research (Andreassi, 2007 , Cacioppo et al., 2007 , Handy, 2005 , Mostow et al., 2011 , Fein et al., 1983 ) the older adult, adult, and youth participants consistently demonstrated stable results across sessions, conditions, and EEG frequencies. These findings support use of single-channel qEEG data in clinical and research applications across the lifespan. However, differences in EEG patterns have been reported between adults and children aged 10 years or younger (Schlaggar et al., 2002, Schomer and Lopes de Silva, 2010) ; this lower age range was not included in the current study and the current portable device findings would need to be verified with younger children.
Finally, there exists some inconsistency in estimates of reliability for individual EEG frequency bands. Lower frequency delta activity is less reliable according to some authors (Pollock et al., 1991 , Gudmundsson et al., 2007 . In contrast, Lewis and colleagues (2007) found higher frequency alpha was less reliable than other EEG bands. Others have reported no significant differences between frequency bands (Salinsky et al., 1991 , Sheorajpanday et al., 2009 , Enoch et al., 2008 , consistent with the average ICC values in the current study for EEG frequency bands within a task condition. ICC values obtained in the current study were also consistent with previous reliability data derived from conventional lab-based EEG recording systems that explored the four characteristic frequency bands in older adults and adults (Gasser et al., 1985) , and youth (Fein et al., 1983) .
Boundaries of a true-change
Widespread use of standardized tools places the onus on clinicians and researchers alike to understand the upper and lower boundaries of the true-change measured by the tool at retest, in order to interpret results and make significance decisions (Vaz et al., 2013, Barton and Peat, 2014) . The current study is one of the first to report on reliable change for qEEG data, and the CRs provided can be of value to clinicians and researchers interested in using a portable EEG device to monitor change. CRs contain 95% of differences between repeated measurements on the same subject. These values permit calculation of significant and meaningful change limits over the three retest intervals. For example, to obtain a significant change in the RP of beta over a one-week retest interval during the eyes-closed condition for an adult participant, differences of at least ± 0.02 should be observed at re-assessment to be 95% confident that a significant change has occurred. Because the CR is quantified in the same units as the assessment tool, it lends itself to easy interpretation. A change score below the CR value may simply reflect measurement error.
In the current study, the average magnitude for clinically relevant change did not tend to exceed ±0.1 for any retest interval, EEG frequency, or task condition. Collado-Mateo and colleagues (2015) also recently examined the test-retest reliability of a 20 channel dry electrode wireless EEG device in adults. They found the within-session average CR of alpha band data derived from frontal and central electrodes during balance tasks ranged from 0.02 to 0.03. This compares well to results from the current study, which found the average oneday CRs for the alpha power band in adults ranged from 0.03 to 0.04 for the eyes-closed, nback, and oddball tasks. The narrow absolute differences between repeated measurements obtained in the current study indicate a high degree of reliability of the EEG measurements obtained from the single channel device. This normative data from across the lifespan during both resting and active EEG tasks can be used to reliably detect change in repeated measurements. The low CR values also suggest the stability of qEEG obtained from the ThinkGear system is a potentially sensitive biological marker for tracking longitudinal changes deviant from healthy individuals, but this requires further investigation (Cannon et al., 2012 , Gudmundsson et al., 2007 .
Conclusions
EEG is not a new technique, and developments in computing and technology are continually extending its roles and use (Kennett, 2012) . Of course there are trade-offs associated with the use of a single-channel device to acquire EEG data. While the ThinkGear system is convenient and wireless, there is a minor trade-off in terms of data quality compared to conventional lab-based systems (Johnstone et al., 2012) , and a major trade-off in the number of recording locations. Furthermore, a single channel of data does not permit computational methods such as coherence (Guevara and Corsi-Cabrera, 1996) , source HEADSET EEG RELIABILITY 28 localization (Jatoi et al., 2014) , or event-related potentials (Woodman, 2010) . However, not all clinical populations will tolerate, and not all research approaches require such designs. In these circumstances the availability of a valid and reliable single channel device potentially enables more diverse research. To this end, eyes-closed NeuroSky ThinkGear qEEG data recorded from a left frontal scalp site is reproducible over both short and longer intervals in healthy participants drawn from across the lifespan. Eyes-open EEG conditions provide somewhat lower reliability, indicating the need for stricter controls when these conditions are applied in serial EEG recording paradigms; confidence in change over time can be evaluated using the provided CRs. Combined with existing validity data (Johnstone et al., 2012) , the current results suggests a portable device may provide a viable alternative to conventional lab-based recording systems for assessing changes in electrophysiological signals, and further application to the study of brain function using the system can be encouraged.
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